We show that the entropy of asymptotically flat, nonextremal black holes can be computed at infinity. We provide a prescription for transforming these black holes to AdS 2 black holes with the same entropy by dimensional reduction to 2D and a Weyl transformation. We apply our prescription to Schwarzschild, 4D
Introduction
The holographic principle states that the fundamental degrees of freedom that describe gravity in a region are located on its boundary [1] . As a result, it is universally believed that the degrees of freedom of a black hole are located on its horizon. It then follows that black hole entropy should be computed on the horizon.
In this paper, following ref. [2] , we would like to argue that nonextremal (and asymptotically flat) black hole entropy can be computed at asymptotic infinity. At first, this does not seem possible since this region is flat. Clearly, black hole entropy cannot be computed at infinity using a coordinate system in which the metric is asymptotically flat. However, this becomes possible in a "better" coordinate system, i.e. in the 2D dimensionally reduced black hole metric after a proper Weyl transformation. Under the dimensional reduction and Weyl transformation, black hole thermodynamics remains invariant; in particular, entropy remains the same.
As a result, we can transform a D-dimensional nonextremal black hole to an AdS 2 black hole with the same entropy. Asymptotic infinity in the original coordinates corresponds to the global AdS 2 limit. Then, the entropy of global AdS 2 reproduces that of the original nonextremal black hole showing that black hole entropy can be computed asymptotically.
This result may seem less strange if we consider a spherical shell that collapses from infinity to form a black hole. It is natural to assume that initially the shell and its surroundings are in a pure but entangled state. Once the shell passes its Schwarzschild radius and forms a black hole, its degrees of freedom are no longer available to us. Thus, we need to trace over these and find that the black hole is described by a mixed state with nonvanishing entanglement entropy. It is wellknown that, for a pure state, the entanglement entropy of a subsystem and that of its complement are the same. Therefore, the entanglement entropy of the black hole is identical to that of the degrees of freedom at infinity with which it initially formed a pure state. This means that, in principle, black hole entropy can be computed at infinity as an entanglement entropy.
Computing black hole entropy at asymptotic infinity is also quite similar to what happens in the AdS/CFT correspondence [3] . In AdS/CFT duality, an AdS black hole is described by a state on the boundary which is located at asymptotic infinity and not on the horizon of the black hole. In our description, the asymptotic region can be considered a screen just like the AdS boundary on which the fundamental black hole degrees of freedom live. As mentioned above, this is only visible in the dimensionally reduced and Weyl transformed coordinates.
In this paper, we give a prescription for transforming any nonextremal, asymptotically flat black hole to an AdS 2 black hole. We then apply the prescription to D-dimensional Schwarzschild black holes, the 4D Reissner-Nordstrom black hole and generic nonextremal black holes. In each case, starting with a higher dimensional nonextremal black hole, we first dimensionally reduce the D-dimensional metric over the transverse D − 2 directions, leaving only the t-r directional metric. In 2D, the transverse directions are parametrized by the dilaton field. This solution describes a dilatonic black hole with the same thermodynamics as the original nonextremal one. We then Weyl transform this dilatonic black hole into an AdS 2 black hole and show that the asymptotic limit in the original black hole coordinates is global AdS 2 in each case. We compute the entropy of global AdS 2 by two different methods. First, we compute the holograpic entanglement of global AdS 2 . Alternatively, we calculate the entanglement entropy of a pair of Rindler AdS 2 space-times in a thermofield double state that is equivalent to global AdS 2 .
Rindler AdS 2 is identical to an AdS 2 black hole with an AdS 2 radius. The entropy of this black hole is the entanglement entropy of the Rindler AdS 2 in a thermofield double state. Both computations reproduce the correct entropy for the original nonextremal black hole. This paper is organized as follows. In the next section we review 2D dilatonic gravity, its black holes and the Weyl transformations that preserve their thermodynamics. We then give our prescription for transforming D-dimensional nonextremal black holes to AdS 2 black holes. In sections 3, 4, and 5 we apply our prescription to D-dimensional Schwarzschild black holes, the 4D Reissner-Nordstrom black hole and generic nonextremal black holes respectively. In section 6, we show that the asymptotics of these black holes, i.e. global AdS 2 has an entropy that reproduces the entropy of the original nonextremal black hole. Section 7 contains a discussion of our results and our conclusions.
Transformation of Nonextremal Black Holes to AdS 2 Black Holes
We begin with a brief review of 2D dilatonic gravity, its black hole solutions and Weyl transformations in this theory. The generic 2D dilatonic gravity action is given by [4] 
where φ is the dilaton and U(φ) and V (φ) are the kinetic and potential functions respectively. This theory has black hole solutions given by the metric and a dilaton profile
where
Here M is the black hole mass and Q(φ) and ω(φ) are defined by
The black hole horizon is at φ h which satisfies
The temperature and entropy of the black hole are given by
With the normalization of the action in eq. (1), the two dimensional Newton constant is determined by φ h to be
Under Weyl transformations of the form
the action in eq. (1) becomes
where the transformed kinetic and potential functions are given by
As a result, we find that
Under a Weyl transformation, the form of the black hole solution given by eqs.
(2) and (3) remains invariant with Q replaced by Q ′ and r replaced by r ′ which is determined by ∂ r ′ = e 2Q ′ (φ) ∂ r . It is crucial that ω(φ) is invariant under Weyl transformations so the thermodynamics of 2D dilatonic black holes is Weyl invariant. Thus, we can use a Weyl transformation to transform the 2D dilatonic black hole described above into AdS 2 black holes with the same thermodynamics.
We now return to our original problem, i.e. computing the entropy of Ddimensional nonextremal black holes with metrics that are generically of the form
Here, f (r) is a function with f (r 0 ) = 0 and f ′ (r 0 ) = 0 where r 0 is the black hole radius. In order to compute the entropy, we first dimensionally reduce the D-dimensional metric in eq. (12) over the transverse S D−2 to 2D and obtain a dilatonic black hole. We then Weyl transform this into an AdS 2 black hole with the same entropy. For a 2D theory obtained by dimensional reduction over S D−2 ,
We see that both 2D black holes have the same entropy as the original nonextremal black hole.
We now describe our prescription for dimensionally reducing and Weyl transforming any D-dimensional nonextremal black hole into an AdS 2 black hole with the same entropy. The steps are: 2. Determine e Q(r) and ω(r) by using
3. Find the dilaton profile φ(r) by solving
φ(r) together with the 2D metric describes a 2D dilatonic black hole with the same thermodynamics as the original nonextremal black hole.
4. Invert φ(r) to get r(φ) and obtain e Q(φ) and ω(φ).
5. Assume a Weyl transformation of the form e −2σ = Aφ α under which Q transforms according to eq. (11). Here A and α are constants to be determined by the requirement that the Weyl transformation leads to an AdS 2 black hole. The
Weyl transformed 2D action is given by (9) with the transformed U ′ (φ) and V ′ (φ)
given by eq. (10).
6. Solve for φ(r ′ ) using
This can be inverted to give r ′ (φ). Here r ′ is the new radial variable that is related to r by dr/dr ′ = e 2σ = Aφ α .
7. Demand that the first term in the transformed f (r ′ ) which is Aφ α reproduces that of an AdS 2 black hole i.e. r ′2 /K 2 ℓ 2 P where K is a large and arbitrary numerical factor and ℓ P is the Planck length. This fixes both A(K) and α and therefore the Weyl transformation that takes the dilatonic black hole into the AdS 2 black hole.
K is a large numerical factor that represents the global scale symmetry left over after the Weyl transformation is fixed. It will be chosen to be large enough so that the AdS 2 radius, Kℓ P , is much larger than ℓ P and therefore gravity is semiclassical.
8. The second term (or the other terms in more general metrics) in f (r ′ ) is proportional to r ′p where p ≥ 3. In the asymptotic r → ∞ limit of the original coordinates which corresponds to r ′ → 0, the first term dominates and we are left with the pure AdS 2 metric.
Schwarzschild Black Holes and the Asymptotic AdS 2
Let us now apply the above prescription to D-dimensional Schwarzschild black holes with metric
where the black hole horizon is at
Dimensionally reducing D-dimensional General Relativity to 2D results in 2D dilatonic gravity with the action in eq. (1) with
Using eq. (14) we find that
φ(r) is determined by eq. (15) to be
As expected the black hole entropy is given by the horizon value of the dilaton S = 2πφ(r 0 ). Using eq. (21), e Q (φ) and ω(φ) can be written as
is the Planck length. Assuming a Weyl transformation of the form e −2σ = Aφ α and using eq. (16) we find r ′ as a function of φ
Now, demanding that the first term in f (r ′ ) matches that in the AdS 2 black hole metric, i.e.
we obtain α = 2/(2 − D) and A = K 2 (8π/A D−2 ) −2/(D−2) . As explained above we assume K >> 1. The action after this Weyl transformation is given by eq. (9) with
We note that V ′ (φ) ∝ φ which is a sign that the theory becomes AdS 2 gravity which of course is consistent with our demand above to get an AdS 2 black hole.
After this Weyl transformation f (r ′ ) that defines the black hole metric becomes
where r ′ is determined by dr/dr ′ = e 2σ = Aφ α which gives
We find that r and r ′ are basically reciprocals of each other. As a result, the asymptotic limit in the original Schwarzschild coordinates, r → ∞ corresponds to r ′ → 0. In this limit the metric described by eq. (26) becomes pure AdS 2 .
More precisely, for generic r ′ , the metric given by eq. (26) corresponds to an S D−2 parametrized by φ(r ′ ), fibered over an AdS 2 black hole. The AdS 2 and S D−2 radii are Kℓ P and ∼ K 2 ℓ 2 P /r ′ respectively. For K D−2 >> Mℓ P , as we decrease r ′ we find that there is a range of r ′ , i.e. Kℓ P << r ′ << K 2 (ℓ
which the metric is essentially AdS 2 since the S D−2 radius is much smaller than that of AdS 2 . For smaller r ′ ∼ Kℓ P , the S D−2 radius becomes about the AdS 2 radius and the transverse directions cannot be neglected. For r ′ << Kℓ P we get a large S D−2 fibered over AdS 2 . On the other hand, if K D−2 is not much larger than Mℓ P the pure AdS 2 range does not exist and when we take r ′ → 0 we pass from the AdS 2 black hole directly to S D−2 fibration over AdS 2 . In summary, in the limit r ′ → 0, we get a large and growing S D−2 with radius K 2 ℓ 2 P /r ′ fibered over a pure AdS 2 space-time with a fixed radius Kℓ P .
The 4D Reissner-Nordstrom Black Hole and the Asymptotic AdS 2
Our prescription can be applied to any nonextremal black hole that is asymptotically flat. (Thus, it does not apply to black holes in AdS or dS space-times.)
As an example, in this section, we consider the 4D Reisnner-Nordstrom black hole which is a solution to 4D Einstein-Maxwell gravity. It is well-known that the near horizon geometry of this black hole is AdS 2 × S 2 . In this section, we show that this black hole geometry is asymptotically AdS 2 (with an S 2 fibration) after a Weyl transformation. The Reissner-Nordstrom black hole metric is given by
We now follow the prescription described in section 2. Dimensionally reducing 4D
Einstein-Maxwell gravity to 2D we get an action of the form given by eq. (1) with
From eqs. (30) and (14) we find
which gives φ(r) = r 2 /2G. As expected, the black hole entropy is S = 2πφ 0 . In this case, e Q(φ) and ω(φ) are given by
Again we consider a Weyl transformation of the form e −2σ = Aφ α and using eq.
(9) we find the transformed action with
We see that again V ′ (φ) is proportional to φ which is consistent with AdS 2 black hole solutions. In this case, the new radial coordinate is
Demanding that eq. (24) holds so that the Weyl transformation results in an AdS 2 black hole we obtain α = −1 and A = K 2 /2. After the Weyl transformation f (r ′ ) becomes
We see that as expected the first term dominates in the asymptotic limit r ′ → 0 and the metric behaves very similarly to the Schwarzschild case discussed at the end of the previous section giving rise to a large S D−2 fibered over pure AdS 2 .
It is intriguing that the asymptotics of the Reissner-Nordstrom black hole is
Weyl equivalent to AdS 2 which also appears in the near horizon geometry. Since AdS 2 is described by a CFT, it would be interesting to find out whether this change in the geometry from asymptotic infinity to the near horizon region can be related to a renormalization flow in the CFT.
Nonextremal Black Holes and the Asymptotic AdS 2
In this section, we show that our prescription applies to all D ≥ 4 nonextremal black holes which are asymptotically flat. Consider a generic metric of the form given by eq. (12) with
where a and b i are constants of length dimension D − 2 and c i respectively and c i ≥ 1. This metric describes any type of nonextremal black hole with any charge.
In addition, it describes black p-branes in D dimensions with the D − p replacing
D.
Following our prescription we find
Using eq. (15) we solve for φ(r)
e Q(φ) and ω(φ) are given by
and
As before, a Weyl transformation of the form e −2σ = Aφ α leads to
The condition given by eq. (24) fixes α and
The transformed metric for the AdS 2 black hole is of the form in eq. (2) with
where C and B i are dimensionful constants. We see that in the asymptotic limit r ′ → 0 the first term dominates and again we get a large S D−2 fibered over pure AdS 2 .
Nonextremal Black Hole Entropy from the Asymptotic AdS 2
We have shown that the AdS 2 black holes obtained in the previous section have the same thermodynamics as those of D-dimensional nonextremal black holes. Our main assumption is that if the thermodynamics of these two space-times is the same, then the microscopic entropy counting should also be same. We also saw that the asymptotic limit of these black holes is pure AdS 2 space-time in which all signs of the black holes disappeared. However, the information about the AdS 2 black holes, i.e. the location of the horizon, is still present in the 2D Newton constant given by eq. (7). In addition, any entanglement that may exist is still present since it is a UV effect. We now show that the entropy of the In the asymptotic limit r ′ → 0 of the AdS 2 black hole metric in eq. (43) the black hole disappears. This is the IR limit in the bulk and by the IR/UV duality corresponds to the UV limit of the boundary theory. In this limit, the finite temperature effects that describe the black hole on the boundary are negligible and the black hole disappears just as it does in the bulk. For r ′ → 0 the AdS 2 black hole metric becomes
This is the metric of the Poincare patch of AdS 2 which through the coordinate transformation given by [6] 
becomes global AdS 2 described by the metric
Global AdS 2 has two disconnected (one dimensional) boundaries at σ = 0, π.
The global AdS 2 vacuum is described by a pure but entangled state of the two theories that live on the two boundaries [8] . If we are restricted to only one boundary, then we need to trace over the states of the second one. As a result, the global AdS 2 vacuum becomes a mixed state described by a density matrix ρ. The entanglement entropy of this state is
S ent can be computed by using the holographic entanglement entropy formula [5.7] 
where Area(Σ A ) is the area of the codimension two minimal surface in the bulk, Σ A , such that the boundaries of A and Σ A coincide. In our case, A is one of the pointlike boundaries of AdS 2 and thus the minimal surface is a point in the bulk with Area(Σ A ) = 1. Therefore, from eq. (48) we get[8]
This is the correct entropy for a generic nonextremal black hole. The holographic entanglement entropy of global AdS 2 can also be computed in more detail by using the methods of refs.
[2] which we do not reproduce here.
An alternative way to compute the entropy of global AdS 2 is to note that it is also described by two copies of Rindler AdS 2 spaces in the thermofield double state.
In general, global AdS n can be described as an entangled state of two zero mass hyperbolic black holes where the black hole radii are equal to the AdS n radius [9] .
When their masses vanish, these hyperbolic black holes simply describe Rindler
AdS n spaces; i.e. AdS n spaces seen from a frame with acceleration 1/r AdS . In our case, since the boundary of AdS 2 is one dimensional, the hyperbolic nature of the boundary is irrelevant. As a result, global AdS 2 is described by two entangled Consider dilatonic AdS 2 gravity (i.e. the Jackiw-Teitelboim theory [10] ) with the action
where the cosmological constant is given by Λ = −2/L 2 . This theory has dilatonic black holes with the metric [11] 
and the linear dilaton profile φ = r/8πG 2 L where again the normalization of the action in eq. (50) has been taken into account. The black hole horizon is at
Now, consider an AdS 2 black hole with M = 1/2L. The metric then becomes
which is a black hole with r 0 = L. This is actually an AdS 2 Rindler space with an acceleration a = 1/L; i.e. the horizon at r 0 = L is an acceleration horizon. In order to see this, consider the coordinate transformation ρ = √ r 2 − L 2 that takes the metric in eq. (52) to [12] 
For ρ << L the metric describes Rindler space with a = 1/L whereas for ρ >> L it becomes that of the Poincare patch of AdS 2 . The entanglement entropy of the two AdS 2 Rindler spaces is the entropy of the black hole in eq. (52) which is given by
which matches the entropy of the original D-dimensional nonextremal black hole.
Conclusions and Discussion
In this paper, we related D-dimensional nonextremal black holes asymptoti- It is well-known that the near horizon geometries of extremal black holes contain an AdS 2 factor [13] which is the origin of their entropies [14] . In this paper, we found that generic nonextremal black holes, with a near horizon geometry that is Rindler space, have an AdS 2 factor which appears in their Weyl transformed asymptotic geometries and reproduces the correct black hole entropy. Thus, it seems that AdS 2 is the universal origin of both extremal and nonextremal black hole entropy.
Even though we found that the entropy of nonextremal black holes is given by the holographic entanglement entropy of global AdS 2 or the entanglement entropy of two AdS 2 Rindler spaces in the thermofield double state, we do not have a clear idea about the nature of the black hole degrees of freedom that are counted. Following the AdS/CFT correspondence, we expect the boundary of AdS 2 to be described by a one dimensional CFT with only a time coordinate. The most promising description of the (near) AdS 2 boundary theory seems to be the SYK model [15] .
Unfortunately, the dual bulk description of the SYK model is problematic. Thus, the nature of the microscopic degrees of freedom counted by AdS 2 entropy remains an important open question.
It has been shown that the near horizon region of nonextremal black holes can be described by a horizon CFT that reproduces the black hole entropy [16, 17, 18] .
Nonextremal black hole entropy is also given by the pseudo Goldstone bosons (PGBs) of conformal symmetry that lives in the very near horizon region. This symmetry is spontaneously broken by the Rindler vacuum and is anomalous. As a result, the low energy black hole physics is described by the PGBs of conformal symmetry [19] . Their Schwarzian action is completely fixed by the symmetry break-ing mechanism, i.e. conformal symmetry broken down to SL(2). It is intriguing that the same Schwarzian action appears in the description (near) AdS 2 spacetimes. Thus, we find that the near horizon physics of nonextremal black holes and their (Weyl transformed) asymptotic description are the same which leads more credence to the results in this paper.
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